Tumor necrosis factor (TNF), a protein released by activated macrophages, is a central mediator of the host response to infection and inflammation. The TNF-binding protein I (TNF-BP-I) is a soluble fragment of the p60 transmembrane TNF receptor and an antagonist to TNF. The level of serum TNF-BP-I was found to be increased in patients with renal insufficiency as a result of a decrease in the glomerular filtration rate. During hemodialysis of patients with renal failure there was a rapid but transient increase in serum TNF-BP-I. This increase was found to be caused by heparin given before dialysis and a similar dose-dependent response to heparin was observed also in healthy individuals. The finding of a repeated release of TNF-BP-I into the circulation with intermittent injections of heparin indicates that TNF-BP-I is present both in a storage pool and in a circulating pool. The mechanism for the heparinmediated release of TNF-BP-I was not explained; TNF-BP did not show affinity for heparin. On the other hand, TNF was found to have affinity for heparin and it could also be dissociated from heparin by TNF-BP-I. It is suggested that heparinlike molecules of the extracellular matrix can retain TNF in physical proximity with target cells and restrict the actions of TNF and protect against systemic harmful manifestations. (J.
Introduction
Tumor necrosis factor (TNF)' was discovered in an attempt to explain hemorrhagic necrosis of tumors in relation to acute bacterial infections (1, 2) . TNF is produced by activated macrophages as a response to lipopolysaccharides of Gram-negative bacteria (1, 2) and plays a major role in endotoxic shock (3, 4) , which can lead to cardiovascular collapse, organ failure, and death. It is also known as a pleiotropic agent which participates in a number of ways in the defense of the organism against infectious agents (5) . Obviously some of the effects can be harmful if they are not properly controlled, leading to cascade reactions, such as in endotoxic shock. Mechanisms of regulation are therefore important and mechanisms by which the destructive power of TNF is suppressed have potential clinical applications. The action of TNF is likely to be regulated at different levels, e.g., at the level of production of TNF, at the level of interaction with TNF and its receptor, and at the postreceptor level. In addition, the newly discovered TNF-binding protein I (TNF-BP-I) may play a protective role against the adverse activities of TNF (6) (7) (8) (9) (10) . TNF-BP-I has been purified from urine and consists of a 30-kD cysteine rich glycoprotein without homologies to known protein sequences (8) (9) (10) . It inhibits the biological activities of TNF by binding to TNF with high affinity and thus prevents TNF from binding to its transmembrane cellular receptor (6) (7) (8) (9) (10) . Immunological cross-reactivity of antibodies to TNF-BP-I with cell surface TNF receptors suggests that TNF-BP-I constitutes a soluble fragment of the p60 transmembrane TNF-receptor (1 1, 12) . This finding was confirmed by molecular cloning of the p60 TNF receptor (13) . Recently a second TNF-binding protein, TNF-BP-II, has been purified from human urine and molecularly cloned (12, 14) . TNF-BP-II exhibits identity with the extracellular ligandbinding domain of the p80 TNF receptor (14) . The p60 and p80 TNF receptors show homology, but not identity, in the extracellular ligand-binding domain but possess different intracellular domains, suggesting alternative modes in signalling and different function (13) (14) (15) (16) .
In our initial work on TNF-BP-I (7, 8) excessively high levels of TNF-BP-I were observed in serum of patients with renal failure. This finding led us to investigate the relationship between serum TNF-BP-I and renal function as well as the effect on TNF-BP-I of hemodialysis treatment. The results of these investigations are presented in this report. We detected a transient effect of heparin on the serum level of TNF-BP-I and our results suggest that a pool of TNF-BP-I is present in vivo from which TNF-BP-I can be rapidly released. The affinity for heparin was investigated for both TNF and TNF-BP-I and we found that TNF represents a heparin-binding cytokine while TNF-BP-I showed no affinity for heparin. Our observations may suggest the existence of mechanisms by which TNF is restricted to a local focus leading to protection against its systemic effects.
combinant TNF and native TNF-BP-I, respectively. The antibodies against TNF were specific and did not cross-react with TNF-BP-I or lymphotoxin; neither did the anti-TNF-BP-I antibodies cross-react with TNF or lymphotoxin (1 1).
Collection ofserum samples. Informed consent was obtained from all individuals participating in this study before collection of the samples. Serum was prepared from venous blood drawn from patients on regular hemodialysis, continuous ambulatory peritoneal dialysis, with different renal disorders not on dialysis, and healthy individuals. The glomerular filtration rate was determined by use of 51Cr-EDTA (17) and serum creatinine as described (18) . Samples were collected from 19 patients before hemodialysis, at 30 min and at the end of dialysis. The following membranes were used for dialysis: cuprophane, polysulphone, polycarbonate, cellulosa acetate, polyacrylonitrile, and polyamide. For correction ofchanges in serum TNF-BP-I due to reduction of extracellular volume during dialysis, determination of cystatin C of serum was performed as described (19) . All patients on hemodialysis received 5,000-15,000 U of heparin at the beginning of dialysis; samples were drawn before and after the injection of heparin. In addition, samples were collected at frequent intervals from healthy individuals receiving intravenous injections of 500, 2,000, 5,000, and 10,000 U of heparin, 5,000 U of Fragmin", or 20 mg protamine chloride. Serum samples were also collected during circulation in vitro of heparinized blood. Fresh heparinized donor blood (500 ml) was recirculated through a cuprophane dialyzer for 2 h. The blood volume was kept constant by infusion of a Ringer solution.
Statistical parameters were calculated by use of StatView SE, Macintosh. TNF-BP-I-and TNF-free sera were prepared by applying pooled serum from healthy individuals to a column ofanti-TNF-BP-I-Sepharose equilibrated with column buffer (0.15 mol/liter NaCl, 5 mmol/ liter Hepes, pH 7.4) at a flow rate of 10 ml/h. Fractions of 10 ml were collected and tested for the presence of TNF, TNF-BP-I, and anti-TNF-BP-I with ELISA technique.
An inhibition ELISAfor determination ofTNF-BP-I. An inhibition ELISA, where TNF-BP-I competes for binding to a constant amount of polyclonal anti-TNF-BP-I, was developed for detection ofserum TNF-BP-I. Samples of 50 Ml were loaded in 96-well round-bottom incubation plates (2-62170; Nunc, Roskilde, Denmark). A 50-Ml aliquot of polyclonal anti-TNF-BP-I diluted 1:4,000 in incubation buffer (0.1 mol/liter NaCl, 0.05 mol/liter NaH2PO4, 0.05% Tween-20, adjusted to pH 7.5 with NaOH) was added to each well followed by incubation overnight at 4°C. In parallel, 96-well flat-bottom immunoplates (4-39445; Nunc) were coated with 100 Ml per well of TNF-BP-I diluted to 7.5 ng/ml in 0.1 mol/liter NaHCO3, and incubated overnight at room temperature followed by three washes in washing solution (0.15 mol/ liter NaCl, 0.05% . The content of the incubation plate was transferred to the plate coated with TNF-BP-I which was incubated for 3 h at 4°C and washed three times. An aliquot of 100 Ml secondary antibody, goat anti-rabbit antibody conjugated to biotin (Vectastain ABC kit, AK 5001; Vector Laboratories Inc., Burlingame, CA), diluted 1:200 in incubation buffer supplemented with 1 mg/ml BSA was added to each well. The plates were incubated for 1 h at room temperature followed by three washes. To enhance the signal, 100 Ml of a solution containing avidin-biotin complexes with alkaline phosphatase conjugated to biotin (Vectastain ABC kit, AK 5001; Vector Laboratories) was added to each well. The plates were incubated for 1 h at room temperature, washed three times followed by addition of phosphatase substrate (Sigma 104) dissolved in 1 mol/liter diethanolamine buffer Sandwich ELISA technique for determination of TNF and TNF-BP-I. A sandwich ELISA was developed for detection ofTNF, in incubation buffer and serum, and for detection of TNF-BP-I in cellular supernatants containing 10% FBS. Nunc 96-well immunoplates (4-39445) were coated with monoclonal antibody to TNF or TNF-BP-I diluted to 2.5 ug/ml (40 Ml/well) in 0.1 mol/liter NaHCO3 and incubated for at least 3 h or overnight at room temperature, followed by three washes in washing solution (0.15 mol/liter NaCl, 0.05% Tween-20). Samples of 100 ,l were loaded in triplicate and incubated overnight at 40C followed by three washes in washing solution. An aliquot of 100 ,l ofa polyclonal antibody to TNF or TNF-BP-I, diluted 1:3,600 in incubation buffer (0.1 mol/liter NaCl, 0.05 mol/liter NaH2PO4, 0.05% Tween-20, adjusted to pH 7.5 with NaOH) supplemented with 1 mg/ml BSA was added to each well. Plates were incubated for 3 h at room temperature followed by three washes in washing solution. A peroxidase-conjugated goat anti-rabbit antibody (170-6513; Bio-Rad Laboratories, Richmond, CA) diluted 1:2,500 in incubation buffer supplemented with 1 mg/ml BSA was prepared and an aliquot of 100 M1 was added to each well. Plates were incubated for 1 h at room temperature, washed three times in washing solution followed by addition of 100,gl oftetramethyl benzidine peroxidase (172-1066; Bio-Rad Laboratories) to each well. The absorbance was measured at 660 nm in an automatic Titertek multiscan ELISA plate reader. Values were calculated from a standard curve based on freshly prepared dilutions ofTNF (0.02-2 Mg/liter) in incubation buffer or TNF-free serum. The standard for TNF-BP-I (0.03-3 Mg/liter) was diluted in RPMI 10% fetal bovine serum (FBS). The lowest detectable amount ofTNFand TNF-BP-I was 0.02 alg/liter and 0.03 Mg/liter, respectively, and the detection ofneither TNF nor TNF-BP-I was affected by heparin.
Investigation of heparin affinity. Heparin-Sepharose (0.5 g) was swollen and washed in 100 ml of distilled water for 15 min. Freshly prepared heparin-Sepharose (1-2 ml) was packed in a column, equilibrated with column buffer (0.15 mol/liter NaCl, 5 mmol/liter Hepes, and 0.1% BSA, pH 7.4). TNF (15-150 ng) or TNF-BP-I (100-1,000 ng) was applied, allowed to bind for 30 min, and eluted with column buffer containing 0.2-1.5 mol/liter NaCl or heparin 1-100 U/ml, with a flow rate of20 ml/h. Fractions of 1-3 ml were collected and dialyzed against 0.1 mol/liter NaCl, 0.05 mol/L NaH2PO4, pH 7.5, followed by determination of TNF or TNF-BP-I with ELISA technique.
Preparation ofsupernatants from cells treated with heparin. Cells were incubated at 1 x 106/ml for 3, 8, and 24 h at 370C in RPMI 1640 with 10% FBS in the presence or absence ofheparin, 50 U/ml, or PMA, 10 ng/ml. The medium of the human umbilical cord endothelial cells was supplemented with endothelial cell growth factor (200 Mg/ml). The following cells were obtained from American Type Culture Collection, Rockville, MD: HL-60, human promyelocytic leukemia; U-937, human histiocytic lymphoma; Hep G2, human hepatoma; HeLa, human epitheloid cervix carcinoma; A 549, human lung carcinoma and HU-VEC, human umbilical cord endothelial cell. PMN and mononuclear cells (mono) were isolated from human heparinized whole blood by centrifugation in Lymphoprep' according to the manufacturers description; Nyegaard Co., Oslo, Norway. Samples were stored frozen at -20'C until analyzed with a highly sensitive and specific sandwich ELISA for TNF-BP-I.
Results
Serum levels ofTNF-BP-I in renal insufficiency. TNF-BP-I determined in serum from 10 healthy individuals was found to vary between 5 and 10 ,ug/liter. Serum from patients on regular hemodialysis or continuous ambulatory peritoneal dialysis contained 117±9.2 jig/liter (X±SD), n = 24, and 114±7.8 ,g/ liter (X±SD), n = 14, TNF-BP-I, respectively. We investigated if the increased levels of serum-TNF-BP-I in patients with chronic renal failure could be explained by a decrease of glomerular filtration rate. Clearance ofCr-EDTA correlated negatively and S-creatinine positively with serum-TNF-BP-I (Fig.  1) . However, the levels ofserum-TNF-BP-I in patients on regu- Tmne (nu*tes) that the levels of serum TNF-BP-I were unaffected (data not shown). Thus the increase in serum TNF-BP during dialysis is not caused by the dialysis membrane itself. The effect ofheparin on release of TNF-BP-I into the circulation. All patients undergoing hemodialysis received a bolus injection of 5,000-15,000 U of heparin before dialysis. Actually, the heparin injection by itself was found to double the level of serum TNF-BP followed by a slow decrease with time exactly as in patients undergoing hemodialysis (Fig. 2) .
In more than three independent control experiments the standard for TNF-BP-I was diluted in serum supplemented with increasing amounts ofheparin to rule out that the increase of TNF-BP-I was caused by heparin itself. Results from one control experiment are given as absorbances for the 10 ng/ml value of the standard in the presence of 0, 10, 100, and 1,000 U/ml of heparin and the values were as follows: 0.585±0.080 (X±SD), 0.567±0.071 (X±SD), 0.546±0.039 (X±SD), and 0.597±0.051 (X±SD). No significant difference could be demonstrated in the values obtained in the presence of various amounts of heparin.
To rule out that the heparin-induced release of TNF-BP-I was restricted to patients with renal failure, heparin was injected intravenously into healthy individuals. A twofold increase in serum TNF-BP-I was observed within 5 min after injection of2,000 U or more ofheparin (Fig. 3) . Low molecular weight heparin, FragminO, also induced release of TNF-BP-I into the circulation but the effect was less pronounced as compared to that ofheparin (Fig. 3) . In one experiment heparin was injected repeatedly four times with 1-h intervals (Fig. 4 ). An identical increase in serum TNF-BP-I was observed each time. These results suggest that TNF-BP-I is equilibrated between a circulating and a storage pool. An alternative explanation is that heparin induces proteolytic cleavage of cell surface TNF receptors. However, treatment of various cell lines with heparin did not increase the release of TNF-BP-I into the cellular supernatants (Table I) . When protamine chloride (20 mg), a competitive antagonist to heparin, was injected 5 min before administration of heparin, the release of TNF-BP-I into the circulation was partially blocked (Fig. 5) . However, injection of an additional dose of heparin 60 min later gave a full response on the release of TNF-BP-I. Injection of protamine chloride alone did not affect the serum level of TNF-BP-I (data not shown).
Investigation of heparin-binding of TNF and TNF-BP-L TNF-BP-I did not show any affinity for heparin (Fig. 6 A) . On the other hand TNF bound to a heparin column in 0.15 mol/ liter NaCl and was eluted by 0.5 mol/liter NaCl (Fig. 6 B) . In a separate experiment increasing concentrations of NaCl were used for elution and it was found that no elution took place Figure 5 . Effect of protamine chloride on heparin-induced release of TNF-BP-I into the circulation. Protamine chloride, 20 mg (arrow I), was injected 5 min before administration of 2,000 U of heparin (arrow II). An additional dose of 2,000 U of heparin was given 1 h later (arrow III).
until the salt concentration was increased to 0.5 mol/liter (data not shown). TNF could also be eluted from the heparin column by heparin itself (Fig. 6 C) . No binding of TNF to Sepharose alone was observed (data not shown). These results demonstrate that TNF binds specifically to heparin in vitro.
Complexes of TNF and TNF-BP-I prepared by mixing TNF and TNF-BP-I in a ratio of 1:10 were applied to a heparinSepharose column. No TNF-BP-I and only a small fraction of the applied TNF was found to bind under these conditions (Fig. 7 A) . Obviously complexes between TNF and TNF-BP-I lack affinity for heparin since no TNF-BP-I was found in the TNF containing fractions eluted from the column. Actually it was possible to elute TNF from the heparin-Sepharose column with a solution of TNF-BP-I (Fig. 7 B) .
Discussion
The major findings of this work are that TNF represents a heparin-binding cytokine and that TNF-BP-I, although lacking heparin-binding capacity by itself, is released into the circulation by injection of heparin. These observations may be of importance for the understanding of how the biological effects of TNF are expressed and regulated.
Like other low molecular weight serum proteins, serum TNF-BP-I was found to increase with decreasing glomerular filtration rate. Patients with terminal renal failure had 10 to 20 times higher levels of serum TNF-BP-I than healthy individuals. In addition, we observed that serum TNF-BP-I increased rapidly but transiently during hemodialysis. The transient increase of serum TNF-BP-I during hemodialysis turned out to be caused by heparin which is routinely injected before dialysis. Intravenous administration of heparin to healthy individuals also resulted in an increase of serum-TNF-BP-I.
The heparin suggests an analogy with other responses to heparin. Lipoprotein lipase and diamine oxidase are both rapidly released into the circulation by heparin (20, 21) . These substances can bind to endothelial cells, a binding which is sensitive to glycosaminoglycan degrading enzymes (22) . However, unlike lipoprotein lipase and diamine oxidase, TNF-BP-I lacked affinity for heparin. It is therefore unlikely that the release of TNF-BP-I is due to dissociation of TNF-BP-I from heparan sulphate of the endothelial cells as has been suggested for lipoprotein lipase and diamine oxidase. The heparin-mediated release ofTNF-BP-I is more likely explained by an indirect effect of heparin and not by dissociation of a hypothetical complex between TNF-BP-I and the extracellular matrix. Anyhow, our data suggest that TNF-BP-I is present in vivo in a storage pool from which it can be released by heparin. This may also explain the difference in peak levels of serum TNF-BP-I found for healthy humans and patients with chronic renal failure. Thus the basal levels of serum TNF-BP-I may reflect the size of the suggested pool from which TNF-BP-I is released and thereby explain the above described differences in the basal levels of serum TNF-BP-I. The finding of repeated release of TNF-BP-I into the circulation with intermittent injections of heparin also strongly supports the theory of a storage pool for TNF-BP-I. This pool is in equilibrium with circulating TNF-BP-I and the equilibrium between bound and circulating TNF-BP-I is affected by heparin. The role of heparin in the release of TNF-BP-I is strengthened by the finding of a partial inhibition (Table I) .
The finding ofheparin affinity for TNF has implications for the understanding of regulation of the effects of TNF. Interaction of cells with heparin-like components of the extracellular matrix seems to be important for regulation of growth and differentiation. Thus several growth factors such as acidic and basic fibroblast growth factor, granulocyte macrophage colony stimulating factor, interleukin-3, and insulin-like growth factor have heparin-binding abilities (23) (24) (25) . Obviously a bound factor can be a stimulus for growth. Growth (24) . Binding to heparan sulphate may protect against enzymatic degradation. It is also possible that sequestration by molecules in the extracellular matrix can be a way of protection against systemic effects of cytokines. Therefore, the present finding of a heparin affinity for TNF is of biological importance. It suggests that TNF may be retained by extracellular matrix, e.g., by heparan sulphate in physical proximity with target cells such as fibroblasts, endothelial cells, and hematopoietic cells. However, injection of heparin did not result in increased serum TNF, which may be explained by a local release without resulting in increased serum TNF (data not shown). At the same time the extracellular matrix could act as a buffer and retain TNF to protect the host against its systemic effects, which may be harmful as in endotoxic shock (3, 4) . It will be interesting to investigate ifaffinity for heparin and extracellular matrix is a feature of other cytokines too.
The finding that heparin-bound TNF can be dissociated with TNF-BP-I is also ofinterest because TNF-BP-I is a soluble fragment ofthe p60 transmembrane TNF receptor (1 1). Thus a high affinity binding between TNF and TNF-BP-I is expected. A low affinity binding between TNF and a heparin-like substance would allow presentation of bound TNF to a TNF receptor on the same (autocrine regulation) or an adjacent cell (paracrine regulation) with concurrent dissociation and specific binding to the receptor with triggering of a biological response.
We conclude that TNF, but not TNF-BP-I, has affinity for heparin and suggest that binding of TNF to the extracellular matrix of cells may restrict its actions. The finding that TNF-BP-I could dissociate TNF from heparin, suggests that TNF-BP-I may also function as a carrier for TNF in vivo. The mechanism by which heparin induces the observed release of TNF-BP-I into the circulation remains to be elucidated.
